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The iv gene controls left-right determination during 
murine organogenesis. To map this gene, we analyzed 
backcross progeny produced by mating (C57BL/6J 
X MEV/Ty)F,-iv/+ heterozygotes to C67BL/GJ-iv ho- 
mozygotes. Hybridization of a murine ecotropic virus 
probe and several homeotic box gene probes coupled 
with analysis of dominant visible markers enabled us 
to exclude the iv locus from much of the mouse genome. 
Spurred by a recent report that mapped the iv gene to 
mouse chromosome 12 which was not excluded by our 
previous work, we used the polymerase chain reaction 
on our larger cohort to determine that the iv gene is 
indeed linked tightly to the &h-C locus on this chro- 
mosome: we observed O/166 recombinants between the 
iv and &h-C loci. Combining data from the two studies 
demonstrates that the murine iv gene is close (l/201 
recombinants) to the Igh-Ccluster on chromosome 12. 
0 1900 Academic Press, Inc. 
INTRODUCIION 
Single gene defects in the mouse and human can 
result in situs inversus. In the mouse, this trait is caused 
by the autosomal recessive gene iv (Hummel and 
Chapman, 1959). Approximately 50% of iv/iv mice 
show situs inversus, and the situs of offspring is inde- 
pendent of that of their parents. This rate of situs in- 
verse in iv/iv mice is not affected by genetic back- 
ground (Layton, 1976). Because of these peculiarities 
in the mode of inheritance, it has been hypothesized 
that the phenotype results from the loss of control of 
1 To whom reprint requests should bs addressed at Howard Hughes 
Medical Institute, University of Michigan School of Medicine, 1150 
W. Medical Center Dr., MSRB I, Room 3520, Ann Arbor, MI 48109- 
0650. 
the development of the normal sense of bilateral asym- 
metry (situs solitus), allowing situs to be determined 
by chance (Layton, 1976). This is consistent with a 
stochastic model for morphogenesis (Kurnit et al., 
1987). 
The phenotype of iv/iv mice, besides situs inversus, 
includes other disturbances in situs that can be re- 
garded as partial visceral reversal in nonreversed mice 
or partial visceral nonreversal in reversed mice. The 
term “heterotaxia” is used for these abnormalities of 
visceral situs. Heterotaxia is found in about 40% of iv/ 
iv mice and occurs with equal frequency in mice with 
situs solitus and situs inversus. These affected mice 
show a high incidence of severe heart malformations, 
many of which are lethal in the perinatal period (Lay- 
ton, 1978; Layton and Manasek, 1980; Van Praagh et 
aZ., 1980). This mirrors the situation in man, where 
cardiac anomalies have been associated with situs in- 
versus and other disturbances of situs such as polysple- 
nia and asplenia (Ivemark, 1955; Arnold et al., 1983). 
To understand how laterality determination impacts 
organogenesis (including cardiogenesis), we need to 
determine how gene expression on the eighth gesta- 
tional day in the mouse (when left-right asymmetry 
first becomes evident) determines situs (M. L. Van 
Keuren, W. M. Layton, R. Iacob, and D. M. Kurnit, 
unpublished data). Here, we confirm and extend earlier 
work (Brueckner et al., 1989) that maps the iv gene to 
mouse chromosome 12. 
MATERIALS AND METHODS 
Mouse Strains 
MEV/Ty mice (henceforth abbreviated as MEV, 
Jackson Laboratory) bear murine leukemia virus pro- 
viruses on chromosomes 1,2,3,5,7 (two distinct sites), 
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8,9,10,11,18, and 19 (Taylor and Rowe, 1989). These 
mice also carry three dominant visible markers: ham- 
mer-toe (Hm), steel (SZ), and caracul-J (C&) on chro- 
mosomes 5, 10, and 15, respectively. 
C57BL/GJ-m/iv (henceforth abbreviated as BG-iu) 
mice were the product of 11 cycles of cross-intercross 
mating and selection of C57BL/6J mice with iu/iu mice, 
starting with a noninbred iv/iv mouse (Hummel and 
Chapman, 1959). These BG-iv mice subsequently un- 
derwent at least six generations of brother-sister 
mating. 
Fi hybrids were constructed by mating BG-iv X MEV 
mice. The resulting F1 BG-iu/MEV heterozygotes, 
bearing one or more of the dominant visible mutations, 
were backcrossed to BG-iu mice. Homozygous (iv/iv) 
backcross mice were identified by autopsy examination 
for visceral reversal and/or heterotaxia. In addition to 
complete situ-s inversus, azygos-posterior vena cava 
continuity and preduodenal portal vein were used as 
criteria for homozygosity at the iv locus. Abnormalities 
in liver lobation or in gut rotation (which can occur 
independently of the iv mutation) were not used as 
criteria. In some cases, the autopsies were done on adult 
or weanling mice. The livers, spleens, and kidneys were 
removed for preparation of DNA from adult or wean- 
ling backcross mice with reversed viscera and/or het- 
erotaxia. At the time of autopsy, these mice were scored 
for the dominant visible markers (Hm, SZ, and Cd). 
In other cases, newborn animals were used. In these 
cases, the mice were autopsied but could not be scored 
for dominant visible markers, and the entire animal 
was used as a source of DNA. 
Isolation of DNA 
DNA was isolated from l-2 g of frozen tissue, cor- 
responding to livers and spleens from parental, F1, and 
backcross mice, or from whole newborn backcross mice. 
The frozen tissue was powdered in liquid nitrogen, then 
shaken gently overnight to deproteinize at 55°C in 20 
ml of 0.024 M EDTA, 0.075 M NaCl, 0.5% (w/v) sodium 
dodecyl sulfate, and 0.0025% (w/v) proteinase K. Nu- 
cleic acids were precipitated by adding 10 M NH4Ac 
to a final concentration of 2 M, followed by an equal 
volume of isopropanol. Precipitates were dissolved in 
0.024 M EDTA and 0.075 M NaCl. Sodium dodecyl 
sulfate was added to 0.5% (w/v) and proteinase K to 
0.0025% (w/v). The solution was deproteinized again 
by shaking with an equal volume of phenol, and DNA 
was precipitated with 2 vol of ethanol. The resulting 
pellet was resuspended in 5 mM Tris and 0.1 mM 
EDTA, pH 7.4. 
Filter Hybridization 
DNA was digested with restriction enzymes (New 
England Biolabs) in buffers recommended by the man- 
ufacturer. Following digestion, the products were elec- 
trophoresed on an 0.8% agarose gel (SeaKern, FMC) 
and transferred to nylon filters (Plasco). Filter hybrid- 
ization, washing, and exposure were detailed previously 
(Neve et al., 1986). 
Polymerase Chain Reaction (PCR) 
One microgram of genomic DNA was amplified using 
PCR (Saiki et al., 1985). The buffer for PCR amplifi- 
cation was 50 mM KCl, 10 mM Tris (pH 8.3), 1.5 mM 
MgCls, and 200 pmol of each deoxynucleotide plus 
0.01% (w/v) gelatin. Each reaction contained 2.5 units 
of Taq polymerase (gift of Dr. D. Engelke). The primers 
used for amplification were GA1 (B-TAGAGACCAT- 
TACACCTAGATTGGAAGACT-3’) and GA2 (5’- 
CTATTCTCTATGTCCCTATTCTGTATTCTG-3’), 
30-mers synthesized on an Applied Biosystems 380B 
DNA synthesizer. PCR products were visualized with 
ethidium bromide following electrophoresis on 2% Nu- 
sieve/0.5% SeaKem agarose gels. +X174 DNA digested 
with HaeIII was used as a size marker. DNA was am- 
plified using 35 cycles of amplification, with each cycle 
consisting of 90 s at 94”C, 90 s at 55’C, and 120 s at 
72°C. After the final cycle, an additional extension for 
7 min at 72°C was performed. 
RESULTS 
To screen for crossovers between markers and the 
iv gene, we backcrossed an Fi BG-iu X MEV hetero- 
zygote to a BG-iv homozygote. We chose this breeding 
scheme to take advantage of the placement of multiple 
murine leukemia virus proviruses into the genome of 
the MEV mouse (Taylor and Rowe, 1989). The inci- 
dence of situs inuersus in the backcross mice at birth 
was 19.8% (164/830), whereas the predicted incidence 
is 25% (assuming 50% penetrance). The incidence of 
the iu phenotype at autopsy was 29.0% (214/737), 
whereas the predicted incidence is 35% (based on seeing 
situ-s inuersus and/or heterotaxia at autopsy). These 
significant differences between observed and predicted 
values presumably reflect prenatal and perinatal mor- 
tality due to heart malformations. No sex preference 
was observed, with an essentially equal number of phe- 
notypically reversed offspring born to iu/iu dams (with 
+/iu sires) and +/iv dams (with iv/k sires). 
Using this breeding scheme, it was possible to sweep 
a substantial portion of the murine genome with a sin- 
gle Southern (1975) blot using a radiolabeled murine 
leukemia provirus probe (Taylor and Rowe, 1989). Fig- 
ure 1 shows an example of a representative Southern 
blot, demonstrating independent assortment of the iv 
gene with proviruses on any of 10 mouse autosomes. 
Using X2 analysis, we saw no evidence of linkage be- 
tween the iu gene and these retrovirus markers in MEV 
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FIG. 1. Lack of linkage between iv and ecotropic murine leu- 
kemia proviruses. PuuII-digested murine genomic DNA was hybrid- 
ized with the radiolabeled ecotropic murine leukemia provirus probe, 
pEcB4. (1) MEV mice; (2) BG-iv mice; (3) F1 heterozygotes resulting 
from the mating of BG-iv mice with MEV mice; (4-8) backcross 
mice resulting from the mating of BG-iu/MEV heterozygotes (lane 
3) to BG-iv homozygotes (lane 2); (9) Pooled DNA from 156 iu/iu 
(reversed) mice resulting from mating of BG-iu/MEV heterozygotes 
to BG-iu bomozygotes. The lowest molecular weight bands correspond 
to loci that had not been made homozygous at the time the cross 
was established. One provirus insertion came from B6, and the re- 
mainder came from MEV. 
(chromosomal locations known (Taylor and Rowe, 
1989)) or in B6 (chromosomal location unknown) mice. 
The evidence against linkage is also demonstrated in 
lane 9 of Fig. 1: the presence of all retroviral bands at 
the same intensity demonstrates that none of these 
bands is linked to the iv mutation. In addition, we did 
not, detect linkage between the iv gene and the visible 
markers Hm, Sl, or Cc?. Not having found linkage to 
the chromosomes defined by these markers, we endea- 
vored to find linkage to murine homeobox probe Hox- 
1.1 andengrailed probes En-l and En-2 (Colberg-Pau- 
ley et al., 1985; Joyner et al., 1985). This attempt was 
based on the consideration that murine homeobox 
genes direct early events in morphogenesis, including 
the generation of axes during development,. No linkage 
was found. Taken together, this work excluded the iv 
gene from more than half of the murine autosomal ge- 
nome (Colberg-Pauley et al., 1985; Joyner et al., 1985; 
Taylor and Rowe, 1989). 
Having excluded much of the murine genome, we 
learned that another group had obtained linkage be- 
tween the iv gene and several markers on chromosome 
12 (Brueckner et al., 1989). The closest linkage was 
observed between the iv gene and the murine immu- 
noglobulin heavy chain (Igh-C) locus on the distal end 
of this autosome. 
Two recent reports documented that short stretches 
of variable d(A,C):d(G,T) sequences abound in 5 X lo4 
copies of a mammalian (human) genome (Weber and 
May, 1989; Litt and Luty, 1989). Detection of this fine 
structure variability required that oligonucleotides 
surrounding the oligo(d(A,C):d(G,T)) stretch be syn- 
thesized. Following amplification of the intervening 
region using the PCR (Saiki et al., 1985), the size of 
the amplified region between the oligonucleotide probes 
could be determined directly on a fine-pore agarose gel. 
In this manner, it was feasible to document small 
changes in nucleotide sequence length that resulted 
from variation in the number of (A,C) reiterations. 
The sequence of the murine Igh-C 6 intron switch 
region (Richards, 1983) documented the existence 
therein of an oligo(d(A,C):d(G,T)) region immediately 
5’ to an oligo(d(T,C):d(G,A)) region. Working from 
this sequence, we constructed the oligonucleotides 
GA1 and GA2 that flank this oligo(d(A,C):d(G,T)) 
+ oligo(d(T,C):d(G,A)) region. The length of polynu- 
cleotide synthesized following PCR amplification of 
this sequence (including the oligo(d(A,C):d(G,T)) 
+ oligo(d(T,C):d(G,A)) repeats) differed between 
BG-iv and MEV mice (Fig. 2). As a result, this meth- 
odology was used to distinguish the B6 from the MEV 
genome at the Igh-C locus. We used this methodology 
directly on our backcross animals. One allele in the 
backcross generation came from each F1 parent; i.e., 
one allele came from the F1(B6-iv X MEV) heterozy- 
gote and one allele came from the BG-iv homozygote. 
DNA was isolated and PCR-amplified (Materials and 
Methods) from 156 backcross animals that showed the 
reversed (iv/iv) phenotype. The MEV amplification 
product was larger than that of the B6 (Fig. 2), due 
likely to the existence of more oligo(d(A,C):d(G,T)) 
and/or oligo(d(T,C):d(G,A)) repeats in the MEV ge- 
notype (Weber and May, 1989; Litt and Luty, 1989). 
In all 156 backcross animals, we observed concordance 
between the reversed iv phenotype and homozygosity 
for the shorter B6 genotype. This enables us to state 
that the iv gene and the Igh-C locus cosegregated in 
156 meiotic events, demonstrating tight linkage be- 
tween these two loci. 
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FIG. 2. Determination of linkage between iu gene and the murine 
immunoglobulin heavy chain locus, detected using the polymerase 
chain reaction (PCR). Using the oligonucleotides GA1 and GA2 
(Materials and Methods), the intervening region was amplified via 
PCR (18). This agarose gel distinguished between B6 and MEV al- 
leles, with the MEV allele being longer than the B6 allele. All 156 
iu/iu homozygotes resulting from the backcross analyzed by this 
methodology were also homozygous for the shorter allele at the Zgh- 
C locus, demonstrating tight linkage between the iv locus and the 
Zgh-c locus. 
To investigate the usefulness of this polymorphism 
in a variety of mouse strains, we determined the size 
of the PCR-amplified DNA fragment in these strains. 
We found at least three groups (data not shown): 
Group 1: C57BL/6J, BG-iv, SWV, PL/J, SJL/J, 
C3H/HeJ, SWR/J, and BALB/cHuCol-iu. 
Group 2: A/J and DBA/BJ. 
Group 3: BALB/cByJ, AKR/J, C58/J, 129/J, MEV/ 
lTy, CASTJEi, NZB/BlNJ, and C57L/J. 
Both of the iv strains belong to Group 1, as does the 
congenic line of one of the strains (C57BL/6J) but not 
the other (BALB/cByJ). The difference between 
BALB/cHuCol-iu and BALB/cByJ is consistent with 
the surmise that at least part of the Igh-C region has 
been cotransferred along with iv during backcrossing. 
Other interpretations (e.g., mutation) are possible, but 
less likely. The failure to see a difference between 
C57BL/6J-iu and the C57BL/6J congenic strain could 
have resulted from iv having arisen in cis with the 
Group 1 haplotype at Igh-C and does not imply that iu 
and Igh-C have recombined in the derivation of this 
strain. (The iv mutation was first detected on a mixed 
genetic background (Hummel and Chapman, 1959).) 
This polymorphism represents a useful marker for the 
Igh-C region in a variety of mouse strains. Higher res- 
olution gels may further subdivide these groups. 
DISCUSSION 
While use of the MEV linkage testing stock mouse 
enables one to sweep a large proportion of the murine 
genome rapidly (Taylor and Rowe, 1989), this strategy 
did not enable us to localize the iu gene. Nevertheless, 
this strategy did enable us to eliminate a large portion 
of the murine genome expeditiously. Although the use 
of the MEV stock did not lead to immediate mapping 
of the iu gene, it still represents a powerful method for 
the mapping of a previously unassigned murine gene. 
We also did not detect linkage between the iu locus 
and a number of cloned mouse homeobox genes. For- 
tunately, the availability of an informative polymor- 
phism closely linked to the iu gene made the backcross 
animals, generated in the BG-iu/MEV mating, useful 
for this study. 
Variability of oligo(d(A,C):d(G,T)) can be used as a 
genetic marker, and indeed has been utilized for this 
purpose (Dean et al., 1990). In our case, we do not know 
whether the observed variability stems from differences 
in the quantity of these sequences and/or the adjacent 
oligo(d(T,C):d(G,A)) sequences. In any event, there is 
no inherent difference between this technique and per- 
forming linkage analysis by determining the segrega- 
tion of DNA differences detected by Southern blotting 
(Kan and Dozy, 1978). Advantages of the PCR-based 
technique include rapidity, a need for small amounts 
of genomic DNA, and lack of requirement for radio- 
isotope handling. This study utilized these advantages 
to evaluate rapidly the reported linkage between the 
iu gene and the Igh-C locus. This simple typing meth- 
odology will facilitate the identification of rare cross- 
overs in this region, 
As a result of the cosegregation of the iu genotype 
and the Igh-C immunoglobulin heavy chain locus, we 
concur with previous work that mapped iu to murine 
chromosome 12 (Brueckner et al., 1989). These workers 
were fortunate in that they observed linkage after 
scanning only a small portion of the genome. Using 
PCR-based methodology to detect variation of (CA), 
repeats, we confirmed efficiently the linkage detected 
by Brueckner et al. (1989) using conventional restric- 
tion fragment length polymorphisms. Our formal lod 
score favoring linkage between iu and the Igh-C locus 
on chromosome 12 is 47. Using our larger cohort, it 
appears that the iu gene is threefold closer to the Igh- 
C locus than Brueckner et al. (1989) found. Combining 
the data from the two studies, we estimate that the iu 
locus is about 0.5 CM from Igh-C. The upper 95% con- 
fidence limit of the map distance (combining both data 
sets) is 2.4 CM. 
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The finding that the Igh-C locus on murine chro- 
mosome 12 is close to the iv locus points to a genomic 
strategy to clone the iv gene. Assuming that 0.5 CM is 
equivalent to lo6 base pairs on the average in mouse, 
this places the iv gene within 5 million base pairs of 
the Igh-C region. Of course, the actual physical distance 
between the iv gene and the Igh-C locus depends on 
both the true recombination distance and the precise 
correlation between genetic and physical distances in 
this part of the genome. Nevertheless, it is clear that 
the Igh-C locus and the iv gene are linked closely. Ge- 
nomic strategies to cover long stretches of a mamma- 
lian genome rapidly (Rommens et al, 1989) are now 
in order. 
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